One-sentence summary: We demonstrate that heavy-electron superconductivity develops in YbRh 2 Si 2 due to the weakening of its antiferromagnetism by the ordering of nuclear spins, providing evidence that quantum criticality is a robust mechanism for unconventional superconductivity.
critical point (QCP) [2, 3] . A central question, then, concerns the interplay between quantum criticality and unconventional superconductivity in strongly correlated electron systems such as heavy-electron metals. In many of the latter superconductivity turns out to develop near such a QCP [2] [3] [4] . However, the absence of superconductivity in the prototypical quantum critical material YbRh 2 Si 2 (Ref. [5] ) has raised the question as to whether the presence of an AF QCP necessarily gives rise to the occurrence of superconductivity. Because YbRh 2 Si 2 exists in the form of high-quality single crystals, it is meaningful to address this issue at very low temperatures without seriously encountering the limitations posed by disorder. We have therefore used this heavy-electron compound to carry out the first study on quantum critical metals at ultra-low temperatures.
YbRh 2 Si 2 exhibits AF order below a Néel temperature T AF = 70 mK. A small magnetic field of B = 60 mT, when applied within the basal plane of the tetragonal structure, continuously suppresses the magnetic order and induces a QCP, presumably of unconventional nature [6, 7] .
Electrical resistivity measurements down to 10 mK have failed to show any indications for superconductivity [5] . Recognizing that a critical field of 60 mT is unlikely to sustain even heavyelectron superconductivity with a T c of less than 10 mK, a different means of suppressing the antiferromagnetism is needed to eventually reveal any potential superconductivity at its border.
We take advantage of the early recognition that hyperfine coupling to nuclear spins can considerably influence the electronic spin properties near a quantum phase transition [8] . Furthermore, measurements on PrCu 2 and related compounds have demonstrated a large coupling between the electronic and nuclear spins in rare-earth-based intermetallics at temperatures as high as 50 mK [9, 10] . These considerations raise the possibility of using the presence of nuclear spins to weaken the electronic AF order, thereby enabling the formation of a superconducting state. We note that the application of pressure is unsuccessful to reach a QCP in an AF Yb-based material, as this will strengthen the magnetic order -opposite to the case of Ce-based systems where magnetism usually becomes weakened by pressure. While Ce does not exhibit a nuclear spin, two of the Yb isotopes have finite nuclear-spin values, see below and Sec. F of SOM.
We have carried out magnetic and calorimetric measurements on high-quality YbRh 2 Si 2 single crystals, using a nuclear-demagnetization cryostat with a base temperature of 400 µK (see SOM).
Figs. 1A and 1B display the temperature dependence of the field-cooled (fc) DC-magnetization M (T ), measured upon warming at various magnetic fields B ranging from 0.09 mT up to 25 mT, applied within the basal plane of the YbRh 2 Si 2 single crystals. The curves display peaks at 70 mK, which is the well-established Néel temperature for the AF order, as well as additional low-temperature anomalies. There is a second peak in M (T )/B at T c 2 mK which indicates the almost simultaneous onset of a nuclear-dominated AF order ("A phase") and the Meissner effect (see below). It is visible above 1 mK up to 23 mT and had already been observed before [11] . In addition, there is a shoulder around T B ≈ 10 mK. As shown in Fig. 1C , the results of the fc and zero-field-cooled (zfc) measurements become different below T B . This disparity, which is ascribed to superconducting fluctuations (see Sec. F, SOM), can be followed as a function of the magnetic field, up to the limit of B = 0.5 mT of our setup for measurements of the DC-magnetization cooled at zero field.
At T 2 mK, the zfc DC-M (T )/B (0.012 mT) shows a sharp increase upon warming, starting from negative values (Fig. 1C ). This indicates a substantial shielding signal due to superconductivity. Raising the temperature further, the zfc M (T )/B slowly increases until at 10 mK it meets the fc curve. To verify this finding, we have carried out measurements of the AC-susceptibility, χ ac , under nearly zero-field conditions (see Sec. D, SOM). As shown in Fig. 1D , its real part, χ ac (T ), displays an even more pronounced diamagnetic signal, larger than what was found for the canonical heavy-electron superconductor CeCu 2 Si 2 (Ref. [33] ), again confirming the occurrence of superconducting shielding. In addition, the reduction of the fc magnetization upon cooling to below 2 mK reflects flux expulsion from the sample (Meissner effect). The relatively small Meissner volume of ≈ 3 % is most likely due to strong flux pinning (see Sec. C, SOM). As shown in In Fig. 2A , the specific heat is displayed as C(T )/T at B = 2.4 mT and 59.6 mT, respectively.
As the electronic specific heat can be completely neglected below T ≈ 10 mK (Ref. 12) , C(T ) denotes the nuclear contribution in this low-T regime. In addition, we show the calculated nuclear specific heats at various fields from Ref. [12] , which include the quadrupolar as well as the Zeeman terms. At zero field the nuclear specific heat is completely dominated by the nuclear quadrupole states, to which the Zeeman terms due to the nuclear spin states add at B > 0. In Fig. 2B , we display ∆C(T )/T where ∆C marks the difference between the specific heat measured at the lowest field B = 2.4 mT and the nuclear quadrupole contribution calculated for B = 0 (Ref. [12] ).
Our ∆C(T )/T results clearly reveal a peak at T ≈ 1.7 mK. Assuming a continuous phase transition, the transition temperature can be obtained by replacing the high-T part of this peak by a sharp jump and at the same time keeping the entropy unchanged. This yields a jump height of about 1000 J/K 2 mol and T A (B = 2.4 mT) ≈ 2 mK, almost coinciding with the superconducting transition temperature T c from the magnetic measurements discussed above ( Fig.1 ). Because the effect of the magnetic field on the quadrupole contribution to the nuclear specific heat is of higher order only, we can use the ∆C(T )/T data of Fig. 2B to estimate the nuclear spin entropy (at B = 2.4 mT), S I (T ), see Sec. F, SOM. S I,tot 1.35R ln 2, the total nuclear spin entropy of YbRh 2 Si 2 for B = 2.4 mT, is reached at T ≈ 10 mK where ∆C(T ) vanishes within the experimental uncertainty (see Fig. 2C ). Upon cooling to T = T A , S I (T ) decreases to about 0.94S I,tot ; i.e., most of this nuclear spin entropy must be released below the phase transition temperature T A . While the entropy due to the 103 Rh and 29 Si spins is temperature independent at T > 1 mK, the Yb-derived spin entropy S Yb (T ) decreases by 26 % upon cooling from 10 to 2 mK (cf. Sec. F, SOM). This indicates substantial short-range order, consistent with a second-order (antiferro)magnetic phase transition. We stress that this huge entropy at ultra-low temperatures can only be understood if the ordering transition at T A involves the Yb-derived nuclear spins to a large degree.
As shown below, the A phase forming at T A 2 mK is an electronic-nuclear hybrid phase which is dominated by the Yb-derived nuclear spin ordering. But, it also contains a small (1-2 %) 4f -electronic component, which contributes about 1/3 to the decrease in M (T ) below T A . Since the nuclear phase transition cannot be resolved because of the very small nuclear moment, the major part of this reduction of M (T ) (∼ 2/3) must be due to the Meissner effect (Sec. C, SOM). A measurement of the fc DC-magnetization at very low fields reveals two separated phase transitions close to T = 2 mK: T A > T c (see Fig. S3B , SOM). Upon increasing the field up to about 3 -4 mT, however, they appear to merge within the experimental uncertainty. This peak in the fc DC-M (T )
curve remains visible (above 1 mK) up to B 23 mT. By analyzing magnetization data taken between 0.8 and 540 mK at a field of 10.1 mT we conclude that superconductivity is likely to exist and concur with the A-phase at elevated fields as well, consistent with the evolution of the M (T )
peak as a function of field (Sec. C, SOM).
The huge initial slope of the superconducting upper critical field B c2 (T ) at T c 25 T/K from both shielding (inset of Fig. 3 ) and Meissner measurements (Fig. S3C , SOM) corresponds to an effective charge-carrier mass of several 100 m e (m e being the rest mass of the electron), implying that the superconducting state is associated with the Yb-derived 4f electrons ("heavy-electron" superconductivity). Extrapolating the positions of the low-temperature fc M (T ) peak to zero temperature, the critical field of the A phase B A = B(T A → 0) is found to be 30 -60 mT which corresponds to an effective electronic g-factor g eff = k B T A (B = 0)/µ B B A = 0.03 -0.06, much smaller than the in-plane electronic g-factor, 3.5 (Ref. [13] ), but a factor of 20 to 40 larger than in case of a purely nuclear-spin ordering transition. We can understand this g eff if the ordered moment is a hybrid of the electronic and nuclear spins with, at most, 2 % of the ordered moments being associated with the 4f -electron derived spins.
In order to explore the role of the nuclear spins in the phase diagram, we have carried out a Landau theory of the interplay between the magnetic orders of the electronic and nuclear spins.
Consider the electronic AF order, with an order-parameter m AF at the AF wavevector Q AF , as well as two bilinearly coupled order parameters, m J and m I , the staggered magnetizations of the electronic and nuclear spins at another finite wavevector Q 1 = Q AF . The bilinear coupling arises from the hyperfine coupling between the two order parameters having the same wavevector. The Landau theory will then have the following free energy functional:
where φ AF , φ J and φ I are respectively the normalized order parameters m AF , m J and m I , the r's are quadratic couplings, and the u's as well as and η are the intra-component as well as intercomponent quartic couplings (see Sec. G, SOM).
Under suitable conditions (see SOM), this leads to two stages of phase transitions, as shown in Fig. 4 . The phase transition at T AF corresponds to the primary AF order setting in at about 70 mK, and is not much affected by the nuclear spins. In a suitable parameter range of the Landau theory, the nuclear φ I order dominates over the electronic φ J order and, furthermore, suppresses the primary electronic φ AF order. A second transition occurs at T hyb , which represents a hybrid electronic-nuclear spin order. The component that is associated with the nuclear spins generates substantial entropy for the transition, which provides the understanding of the large nuclear spin entropy that is experimentally observed (see Fig. 2C and Sec. E, SOM). In addition, the effective g-factor is approximate to g el φ J /φ I , which is substantially smaller than the bare g-factors for the 4f -electrons. This allows us to understand the g eff < 0.1 observed in the experiment. to the onset of the nuclear spin order. This diminished m AF places the electronic phase to the regime close to the QCP that underlies the pure electronic system in the absence of any hyperfine coupling. This quantum criticality effectively induced by the nuclear-spin order at zero magnetic field would naturally lead to the development of a superconducting state (see Sec. I, SOM). As inferred from the experimental results, fluctuations of the A-phase set in already near T B and lead to a substantial reduction of the staggered magnetization and the emergence of superconducting fluctuations well above the A-phase ordering temperature, see also the discussion in Sec. I, SOM.
The huge entropy near T A 2 mK is one of the most pronounced features in our observation.
In addition to the ordering of the nuclear spins, which competes with the primary electronic order and thus paves the way for superconductivity, an intriguing alternative possibility for this entropy is the involvement of a "nuclear Kondo effect", i.e., the formation of a singlet state between the nuclear and conduction-electron spins. The resulting "superheavy" fermions may be assumed to Systematic studies of other heavy-electron antiferromagnets at ultra-low temperatures are required, to find out whether a hybrid electronic-nuclear order is potentially a general phenomenon. In addition, a comparative study would be highly welcome to check whether SC is indeed absent in isotopically enriched YbRh 2 Si 2 , without Yb-derived nuclear spins, similar to the one studied in
Ref. [14] .
Superconductivity in heavy-electron metals is often discussed in terms of an effective electronelectron attractive interaction provided by nearly quantum critical fluctuations associated with a spin-density wave (SDW) QCP [4, 15] . This was recently exemplified, via inelastic neutron scattering, for CeCu 2 Si 2 (Refs. [16, 17] ). On the other hand, in the special case of CeRhIn 5 , superconductivity appears to form [18] [19] [20] in the vicinity of a Kondo-breakdown QCP [21] [22] [23] .
It is likely that the same applies to β-YbAlB 4 (Ref. [24] ). This is in contrast to the behavior of CeCu 6−x Au x , the prototype heavy-electron metal which exhibits such a Kondo breakdown QCP [25, 26] but shows no superconductivity down to T ≈ 20 mK (Ref. [27] ). In this case, it is natural to assume that unconventional superconductivity is, at least above 20 mK, suppressed by the alloying-induced disorder. By contrast, in high-quality single crystals of the antiferromagnet YbRh 2 Si 2 , another well-established heavy-electron metal with a Kondo breakdown QCP [6, 7] , our work shows that superconductivity does develop at T c = 2 mK. Here, the primary electronic order which appears to be detrimental to superconductivity is sufficiently weakened by the ordering of the nuclear spins; this in turn pushes the system close to the underlying QCP. The concomitant quantum critical fluctuations, rather than the magnon fluctuations as in the case of UPd 2 Al 3 (Ref. [28] ), are therefore the driving force for superconductivity. This heavy-electron superconductivity may be called "high T c ", in the sense that it is limited by an exceedingly high ordering temperature of nuclear spins. Moreover, the emergence of superconductivity in YbRh 2 Si 2 provides evidence for the notion that has been implicated by de-Haas-van-Alphen studies on CeRhIn 5 in high pulsed magnetic fields [29] ; namely, superconductivity is robust in the vicinity of such a Kondo-breakdown QCP, which may be considered a zero-temperature 4f -orbital selective Mott transition. Therefore, these results provide a new link between the unconventional superconductivity of heavy-electron materials and that occurring near true Mott transitions, e.g., in the cuprates [1] and organic charge-transfer salts [30] . Finally, our conclusion that quantum criticality is a robust mechanism for superconductivity pertains to wider settings such as finite-density quark matter [31] . This coincides with the peak position found in the DC-magnetization (cf. Fig. 1 ), i.e., the superconducting critical temperature T c , at 2.4 mT. The associated jump of ∆C(T )/T is of the order of 1000 J/K 2 mol. The error bars reflect the statistical error in the measurements of the specific heat by utilizing a quasi-static heatpulse technique as well as the relaxation method. In the latter case, the error bar contains the statistical error in determining both the relaxation time and the heat conductivity of the weak link. In total, for each field two runs have been performed and, therefore, four sets of data at the same temperature were used for determining the specific heat. Each data point was weighted by its reciprocal error. At the lowest temperatures, the error associated with the relaxation method is essentially smaller than that of the heat-pulse measure-
), a rough estimate can be made for the nuclear spin entropy S I (T ) at B = 2.4 mT, see text. We have normalized S I (T ) to S I,tot , the total nuclear spin entropy in YbRh 2 Si 2 at B = 2.4 mT, reached at about 10 mK. Subtracting from S I (T ) the contribution of the nuclear Si and Rh spins which is almost temperature independent at T ≥ 1mK, we obtain the corresponding values S Yb (T )
for the nuclear Yb spins. It can be seen that a considerable portion (about 26 %) of S Yb,tot is released upon cooling to T A 2 mK. Therefore, an entropy of ≈ 0.74S Yb,tot is expected to be released below T A , i.e., inside the A phase (see Sec. E, SOM). Measurements were performed on sample #3. extrapolates to 30 -60 mT (at T = 0), i.e., close to the critical field of the primary electronic AF phase. [6, 7] and thermodynamic [35] and AC-susceptibility measurements. The measuring fields are frozen in the lead cylinder by applying an external magnetic field generated by the outer field coil and by heating the system to a temperature between T c = 7.2 K (Pb) and T c = 9.2 K (NbTi), the material of the outer field coil. By cooling subsequently the magnetometer to below T c (Pb) the applied field is frozen-in and stabilized by the superconducting lead cylinder. The available field range is up to 60 mT, just below the critical field of Pb. The induced current in the gradometer-type pickup system is transferred to an rf SQUID (at 4 K) through a superconducting flux transformer. The single layer inner coil allows to apply a small magnetic field, e.g., for reducing the residual earth field (vertical component) for zero-field cooled measurements and was also used for field sweeps and for AC-susceptibility experiments. The sample is thermally strongly connected to the nuclear stage by a silver wire but is isolated from the magnetometer which by itself is thermally stabilized at about 20 mK to avoid variations of the background signal due to thermal drifts.
identical results, in particular the same superconducting transition temperature T c (= 2 mK) was found for all samples studied. This insensitivity of T c on disorder is most likely due to the short 
C. DC-magnetization
We have measured the DC-magnetization in magnetic fields up to 60 mT and down to 1 mK using a home made rf SQUID magnetometer. The main magnetic field B at the sample is provided by a superconducting lead cylinder in which the (vertical) magnetic field generated by an external coil (aligned parallel to the lead cylinder) is frozen-in and stabilized by cooling to below the superconducting transition temperature of Pb. Then, the external coil can be switched off. This way, the measuring field was applied within the basal tetragonal plane of the YbRh 2 Si 2 single crystals.
To obtain the smallest possible magnetic fields for zero-field cooled (zfc) measurements, an additional coil around the pick-up coils of the device (placed inside the lead cylinder) was added. The magnetic field therein necessary to compensate the residual earth field plus remaining static fields in the surroundings was determined by the point where the DC-magnetization traces change sign.
According to the international geomagnetic reference field (IGRF), the vertical component of the earth field at the location of the laboratory is -0.0433 mT, which was compensated in almost all our experiments. Although for the set-up and its environment non-magnetic material was used, there were magnetic fields of the order of 0.06 mT at the position of the sample. After compensation, the vertical component of the measuring field could be reduced to 0.012 mT (cf. In Fig. S3A we have plotted the fc DC-magnetization taken at B = 0.09 mT as a function of 1/T . It is interesting to note that M vs 1/T shows a kind of plateau of about 0.2 mK around 2 mK, while M vs T exhibits a faint double-peak structure (Fig. S3B ). This indicates a separation between T A and the superconducting transition T c . Furthermore, we find that at about 3 -4 mT, both phase transitions merge within the experimental resolution, see Fig. S3C .
In addition to the phase-transition and cross-over anomalies shown at a very low field in Using the so-derived fitting parameters as a guidance for the magnetization at elevated fields, say close to 50 mT, we can infer that the differential magnetic susceptibility decreases upon cooling at temperatures on the order of the 10 mK. This behavior is to be contrasted with the upturn of the magnetic susceptibility near T B in the low-field linear-response regime (where M/B is identical to the magnetic susceptibility), as shown in Fig. 1A of the main text.
We interpret this upturn in the uniform magnetic susceptibility at low fields as evidence for the initial decrease of the staggered magnetization associated with the primary electronic AF order. 2 mK corresponds to at least 6% of the saturation magnetization as it seems to further decrease at lower temperatures. As stated in the text, the contribution from the 4f -electronic part of the nuclear-dominated hybrid order has an upper limit of 1/3 of the drop, 2/3 are due to the Meissner effect. The data were taken from sample #2.
The latter appears to be caused by the development of the fluctuating (nuclear-dominated) hybrid order near T B , as evidenced by the gradual onset of the nuclear-spin entropy at temperatures just below T B (Fig. 2C in the main text) . This is also consistent with the observation of superconducting fluctuations below T B , which we infer from zfc DC-magnetization (Fig. 1C of the main text) as well as AC-susceptibility in the low-field regime (Fig. 1D of the main text) . Upon further decreasing the temperature towards T A , an actual phase transition into the hybrid order takes place.
The associated onset of its small (≤ 2 %) 4f -electronic component, the φ J order, yields a decrease in the uniform magnetic susceptibility, which over-compensates the tendency of an increasing uniform susceptibility due to a reduction of the primary order, caused by the competing nuclear order. This is inferred from the flattening and subsequent decrease of the susceptibility below T A , see Fig. S3B . As also shown in this figure, there is another increase in the susceptibility upon further cooling, which we ascribe to the first-order nature of the superconducting phase transition, see Fig. S7 . However, this rise eventually becomes overcompensated by the Meissner effect. As already mentioned, the separation between T c and T A is visible at only low fields, up to about 3 -4 mT. At B = 2.4 mT, where the specific-heat results yield T A 2 mK (Fig. 2B, main text were not perfectly matched, a steep increase, here denoted offset, was subtracted from the raw data. The apparent hysteresis is largely due to changes in this offset. The origin of the observed kinks remains unclear.
Measurements were performed on sample #3. The M (T ) decrease on the low-temperature side of the peak at 2 mK as measured amounts to 0.075 µ B . This is a lower limit as the magnetization will certainly further decrease upon further cooling. The electronic φ J component of the hybrid A-phase will contribute to this reduction of M (T ) less than 0.025 µ B , i.e., at best 1/3. As the nuclear order cannot be resolved in our magnetization measurements because of the small nuclear moment, at least 2/3 of the M (T ) decrease must be due to the Meissner effect. This strongly supports our argument that superconductivity coexists with the nuclear dominated hybrid A-phase at fields larger than 3 -4 mT, where no separation between T A and T c can be resolved anymore (see main text). 
D. AC-susceptibility
The AC-susceptibility χ ac (T ) was measured using two methods: 1) by modulating the rf SQUID system with frequencies between 17 and 87 Hz (here the earth field could be compensated as in the DC case) and 2) by a conventional mutual inductance setup in the center of a big magnet which was also thermally connected to the nuclear stage; this allowed frequencies up to a few hundred Hz (here the smallest field was the earth field). Using the SQUID magnetometer with 17 Hz and in the "virgin" state (excitation field between 2 and 5 nT), negative values of χ ac (T ) below T ≈ 2 mK within the A phase were reproducibly detected, as shown in Fig. 1D of the main text. Great care was taken to determine the zero of the susceptibility in the limit T → ∞.
Unfortunately, heating the sample to temperatures above 600 mK resulted in a thermal drift of the signal due to a warm-up of the mixing chamber of the dilution refrigerator, making measurements unreliable at higher temperatures. Zero magnetization was therefore determined by a comparison of the signal with and without the sample under identical conditions. With the conventional mutual inductance setup it was possible to measure T -sweeps from 1 mK up to about 1000 mK and scale the data with those taken in a standard Kelvinox 400 (Oxford Instruments) down to 20 mK (black points in Fig. S7 ) [45] . The in-phase χ (T ) and out-of-phase χ (T ) responses of selected measurements are shown in Fig. S7 . We used an excitation field of 2.5 µT and a frequency of 117 Hz. With higher excitation fields it was not possible to cool the sample to below 10 mK (see, e.g., magenta points in Measurements were performed on sample #3.
E. Specific heat
The specific heat of YbRh 2 Si 2 was measured with the semiadiabatic heat-pulse method. Due to its fast thermal response we were able to use the sample itself as a thermometer. The temperature was determined directly from the DC-magnetization, once the temperature dependence of the magnetization was known (see Fig. S8 ). After applying a known heat pulse ∆Q, the temperature increase could be measured by projecting the peak of the pulse onto the warm-up curve (see horizontal dashed line in Fig. S8 ). The heat capacity C * (T ) of the sample and addendum is simply obtained from the relation C * (T ) = ∆Q/∆T . The temperature of the pulse was taken as the mean value between T low and T high , the temperatures just before the pulse and at the peak maximum. Simultaneously, C * (T ) could be obtained from the relaxation time τ (determined from the cooling curve) by the relation τ = R · C * where R is the thermal resistance of the weak link (high-purity Ag wire) connecting the sample to the nuclear stage. The molar specific heat C(T ) of YbRh 2 Si 2 was obtained by subtracting from C * (T ) the contribution of the addendum and dividing this difference by the number of moles of the sample. In the temperature range of interest, the thermal conductance K = 1/R of the high-purity Ag wire between the sample and the nuclear stage (divided by the temperature) could be determined to be K/T ≈ (1.06 ± 0.02) × 10 −4 W/K 2 = const. For example, the relation C * = K · τ with C * /T ≈ 5 J/K 2 mol at 10 mK yields τ ≈ 0.25 s which is a quite short relaxation time. Around 2 mK, C/T assumes very large values of the order of 1000 J/K 2 mol which implies τ ≈ 50 s. This procedure was especially helpful around 2 mK where the relaxation times were long and the direct temperature reading had large errors because after the heat pulse, the peaks were rounded and their heights (taken as the back extrapolation of the decay curve to the time of the heat pulse) were difficult to determine. The determination of the contribution of the addendum (4 g of Ag) was difficult as well. It could not be measured separately (we had no fast thermometer for this) but had to be calculated. This resulted in large errors above T = 10 mK. At both, 2.4 and 59.6 mT, two separate sets of measurements were analyzed in this way, yielding for each field a total of 4 data sets from the two methods. These experimental results are shown in Fig. 2A of the main text together with a set of theoretical results for the temperature dependence of the nuclear specific heat at selected field-induced ordered magnetic moments. These calculations were performed as described in Ref. 12 ; we have chosen induced moments of 0.05 and 0.15 µ B /Yb, respectively, so that the calculated curves describe the data measured below 10 mK at B = 2.4 mT and 59.6 mT within the error bars. The field-induced increase of the effective moment agrees very well with that derived from the bulk magnetization measured at 50 mK in the same field range [47] .
As mentioned in the main text, the huge specific heat around T A 2 mK may suggest a nuclear Kondo effect to be operating. On the other hand, with a hyperfine coupling strength of about 25 mK (see Sec. G) and an effective Fermi temperature given by the (electronic) Kondo temperature 173 Yb isotopes) spins, respectively. As described in the main text, the free energy functional of the three-component Landau theory reads
where r α = T − T α , for α = AF, J, I, describe the quadratic couplings. Here, T α is the bare ordering temperature when it is positive, and specifies the excitation gap when it is negative.
We take T AF = 70 mK, and assume T J < 0, namely, φ J would not be ordered by itself. The bare ordering temperature for the nuclear spins is expected to be the smallest compared to the electronic temperature scales: |T I | |T J |, T AF . The bilinear hyperfine coupling between φ J and φ I will be taken as positive, without loss of generality. The non-linear couplings include u α , the intracomponent quartic couplings, and and η, the inter-component biquadratic couplings. We will consider all these quartic couplings to be positive, so that the Landau theory for each component is well-defined and, furthermore, there is a phase competition.
Since the model has two Z 2 symmetries, there can be two phase transitions at T AF and T hyb corresponding to the ordering of the main electronic spin component φ AF and the hybridized electron and nuclear spin, respectively. They can be determined by solving the saddle-point equations:
∂f /∂φ AF = (r AF + ηφ
With the lowering of temperature, the first transition takes place at T AF = 70 mK, and is secondorder. At T < T AF , φ AF > 0 but φ J = φ I = 0, hence T AF is not affected by the nuclear spin component φ I . A hybrid electron and nuclear spin order is stabilized at a lower temperature T hyb . This corresponds to φ I > 0 and φ J > 0. We find that T hyb T I (see below), and at T < T hyb , φ AF decreases with lowering temperature and is substantially suppressed (see Fig. S9 ).
In this temperature regime, the dominant order parameter can be the hybridized spin order, with its primary component coming from nuclear spins.
At the mean-field level, there could be a third phase transition at T 0 , below which φ AF = 0, but the hybridized electron and nuclear spin order is still stabilized. Depending on the model parameters, the transitions at T hyb and T 0 can be either first-order or second-order. Here, we will not give an exhaustive discussion on the full phase diagram of this three-component model. We will however show that three different kinds of behavior can be obtained without fine tuning the model parameters in the physical regime. First, as shown in Fig. S9A , both transitions at T hyb and T 0 are second-order. Second, as shown in Fig. S9B , the transition at T hyb is second-order, but the one at T 0 is first-order. Finally, T hyb = T 0 , and both transitions are first-order, as shown in 
wherer
Minimizing this effective free energy, which is equivalent to minimize the free energy given in Eq. (S2), we find the transition at T hyb is second-order when˜ 2 < u AFũI and first-order if˜ 2 > u AFũI . By requiring φ I → 0 but φ AF = 0 at the minimized free energy, we obtain the equation for T hyb . Similarly, we solve for T 0 by requiring φ AF → 0 but φ I = 0 at the minimized free energy.
The equations for T hyb and T 0 are more involved, but they can be solved numerically.
In general, we obtain T hyb T I (see below); T 0 is sensitive to the renormalized model parametersr I ,ũ I ,˜ , and can vary in a wide range between T I and T hyb . As shown in Fig. S9D , without drastic change of the model parameters, we can obtain T 0 ∼ T hyb T I . This scenario could be the most experimentally relevant once the effects of fluctuations are taken into account. Fluctuations beyond the Landau theory may smear the transition at T hyb into a crossover, and make the true second-order transition to be closer to where there is a rapid increase of the hybrid order (both φ I and φ J ), which is also close to T 0 . Compared to the experiments, these would respectively correspond to the crossover at T B , below which fluctuations suppressing the primary electronic spin order are observed as an increase of the 4f -electron spin susceptibility χ(T ), and the second-order transition at T A , at which the nuclear spin order sets in. The additional increase of the measured 
Hybrid nuclear and electronic spin order below T hyb
If either φ AF = 0 below T hyb or φ AF varies slowly across T hyb , we can describe the transition at T hyb by a simpler Landau theory involving only φ I and φ J . Rewriting Eq. (S2), the free energy functional is
where
Here we have fixed φ AF to be a constant. nuclear spin order of φ J and φ I is at
Especially, in the case we consider, with the φ J not being ordered on its own and therefore the bilinear hyperfine coupling satisfing 0 < λ −T J , and with |T I | −T J , we have
It is interesting to note that in this limit, the enhancement of the nuclear spin ordering temperature T hyb − T I = λ 2 /|T J |, is independent of T I . This factor can be physically understood as an effective exchange interaction between the nuclear spins that are mediated by the gapped electronic spin excitations. It is also remarkable that for λ 2 > |T I T J |, T hyb > 0 even if T I < 0. In other words, the hyperfine coupling λ can induce a hybrid nuclear and electronic spin order even if the two components are not ordered by themselves. At T < T hyb , the primary order parameter of this hybrid order can be the nuclear spin order φ I , as shown in Fig. S9 .
We now estimate T hyb for YbRh 2 Si 2 . First, the relevant nuclear spin degree of freedom is the Yb nuclear spin because of its strong hyperfine coupling. For Yb, the hyperfine coupling constant A hf ∼ 10 2 T/µ B , which gives λ = A hf g el g I ∼ 25 mK. Second, the coupling between the Yb nuclear spins without coupling to the Yb 4f electronic spins is expected to be very small. For simplicity, we will assume T I = 0 for this system. Third, T J is expected to take a value typically of the spins of the 4f electrons. Without loss of generality, we estimate T J by g 2 el /χ(Q 1 ), where χ(Q 1 ) is the electronic spin susceptibility at wavevector Q 1 . Assuming that χ(Q 1 ) is on the same order as χ(Q = 0) ∼ 1 µ B /T, we obtain T J ∼ 600 mK. With these values in place, from Eq. (S12), we obtain T hyb ∼ 1 mK. This temperature scale is consistent with the experimentally observed transition temperature T A . Moreover, the effective g-factor
For T T hyb , φ J /φ I ∼ λ/|T J | ∼ 0.04. This gives g ef f /g el ∼ 0.04, which is also consistent with the experimental observation in terms of order of magnitude.
We close with a caution that the two Yb isotopes containing non-zero nuclear moments have shown to be of AF nature [56] . In addition, Schuberth et al. [54] found a second anomaly, but no superconductivity, at T ≈ 0.6 mK. It is possible that these anomalies in CeCu 6 are related to the formation of electronic antiferromagnetism at 3 mK, followed by a transition into a hybrid electronic-nuclear spin order at T ≈ 0.6 mK. However, since both systems have a weaker hyperfine coupling, the hybrid order probably has a stronger electronic and weaker nuclear character than in according to which each metal may become superconducting at sufficiently low temperature [59] .
As the effective Fermi temperature T F T K 25 K, for YbRh 2 Si 2 , T c /T F is of the order of 10 −4 , which is unlikely high in the Kohn-Luttinger sense. Most importantly, the Kohn-Luttinger hypothesis does not involve the action of any nuclear spins which however, as it is shown here, are crucial for the development of superconductivity in YbRh 2 Si 2 : The experimental data presented in this paper, reveal that superconductivity occurs just below the nuclear spin order, and our three- Superconductivity in heavy-electron metals is often discussed in terms of an effective electronelectron attractive interaction provided by nearly quantum critical fluctuations associated with a spin-density wave (SDW) QCP [4, 15] . This was recently exemplified, via inelastic neutron scattering, for CeCu 2 Si 2 (Refs. 16, 17) . On the other hand, in the special case of CeRhIn 5 , superconductivity appears to form [18] [19] [20] in the vicinity of a Kondo-breakdown QCP [21] [22] [23] . This is in contrast to the behavior of CeCu 6−x Au x , the prototype heavy-electron metal which exhibits such a Kondo breakdown QCP [25, 26] but shows no superconductivity down to T ≈ 20 mK (Ref. 27) . In this case, it is natural to assume that unconventional superconductivity is, at least above 20 mK, suppressed by the alloying-induced disorder. By contrast, in high-quality single crystals of the antiferromagnet YbRh 2 Si 2 , another well-established heavy-electron metal with a
